OATAO is an open access repository that collects the work of Toulouse researchers and makes it freely available over the web where possible. The phase composition and structural properties of the obtained materials were investigated by X-ray diffraction and Mössbauer spectroscopy and their catalytic activity in methanol decomposition was tested. A strong effect of reaction medium leading to the transformation of ferrites to a complex mixture of different iron containing phases was detected. A tendency of formation of Fe-carbide was found for the samples synthesized by SPS, while predominantly iron-nickel alloys ware registered in TS obtained samples. The catalytic activity and selectivity in methanol decomposition to CO and methane depended on the current phase composition of the obtained ferrites, which was formed by the influence of the reaction medium.
Introduction
Spinel ferrites are widely studied due to their resistivity, mechanical hardness, remarkable stability and promising memory storage capacity. Nanosized spinel ferrites opened new prospects in biology, electronics, transport and information technology [1e7] . They are well known catalysts for dehydrogenation of hydrocarbons, decomposition of alcohols, selective oxidation of CO, hydrodesulfurization, WGSR etc. [8e11] . Ni-ferrites possess excellent activity in vapour phase oxidation of benzoic acid to phenol and catalytic decomposition of hydrogen peroxide. Superior catalytic activity of non-stoichiometric ferrites in water and carbon dioxide decomposition has been also reported recently [12, 13] .
The large scale of application of nanosized ferrites has promoted the development of various synthesis methods, as high energy ballmilling, hydrothermal technique, chemical co-precipitation, freeze drying, spray drying, decomposition of mixed oxides, citrates and carbonates, sonochemical preparation, solegel method, hydrolysis of metal carboxylate in organic solvent, etc.
[14e27]. Among these available synthesis methods, spark plasma sintering was reported as the fastest synthesis technique which ensures preparation of powders with nanosize or nanostructure, avoiding coarsening, which accompanies standard densification routes [28] . It was established that the physical properties of ferrites are sensitive to method of preparation.
Spinel mixed oxides ferrites with general formula AB 2 O 4 , are denoted as normal spinel if all 2þ cations occupy the tetrahedral positions, and inverse spinel, if half of 3þ ions occupy tetrahedral positions and the other half and 2þ cations lie over the octahedral position. Zn and Ni are known to have a strong preference for tetrahedral and octahedral sites, respectively, making ZnFe 2 O 4 , a model of normal ferrite and NiFe 2 O 4 a model of inverse ferrite [22] . Mixed NieZn ferrites are usually denoted as (Zn x Fe 1Àx ) tetra [Ni 1Àx Fe 1þx ] octa O 4 , where the parentheses and square brackets refer to the cations occupying tetrahedral site (A site, 8 of 64 tetrahedral interstitial sites) and octahedral site (B site, 16 of 32 octahedral interstitial sites), respectively. It is known that the redistribution of metal ions over the tetrahedral and octahedral positions in the spinel lattice of these ferrites is responsible for modification of their properties [2e4] .
The purpose of the present work is to investigate the possibility of synthesizing of nanocrystalline Ni 1-x Zn x Fe 2 O 4 (x ¼ 0, 0.2, 0.5, 0.8, 1.0) materials by spark plasma sintering (SPS) of hydroxide carbonate precursors and to compare with the structure of the materials, synthesised by conventional thermal treatment at the same temperature. To the best of our knowledge, the application of spark plasma sintering method for the preparation of nanocrystalline Ni 1Àx Zn x Fe 2 O 4 catalysts has not been studied yet. We tested these materials as catalysts in methanol decomposition to CO and hydrogen and investigated the changes with the spinel structure under the reaction medium. Methanol has been considered as ideal alternative green fuel for fuel cells because of its liquid state at ambient conditions and high volumetric energy density [29] . Methanol can be decomposed to CO and H 2 at relatively low temperatures, but a problem with the development of highly effective catalyst is still opened [30] .
Experimental

Materials
NieZn ferrites with composition Ni 1-x The following sintering parameters were used: a heating rate of 100 K/min to the final sintering temperature of 773 K and 5 min holding time; a constant pressure of 100 MPa applied before attaining the sintering temperature. The synthesis of samples by TS method was accomplished of annealing of precursor powders at 773 K for 4 h.
The samples were denoted as Ni 1Àx Zn x Fe 2 O 4 -M, where M was the method used for the preparation of the ferrites (TS or SPS for the thermal and spark plasma sintering, respectively).
Methods of characterization
Thermogravimetry-Differential Thermal Analysis (TG-DTA) was carried out by "Stanton Redcroft" (England) apparatus in static air at 10 K/min heating rate. The powder XRD patterns were recorded by use of a TUR M62 diffractometer with Co Ka radiation. The observed patterns were cross-matched with those in the JCPDS database. The average crystallites size (D), the degree of microstrain (e) and the lattice parameters (a) of the studied ferrites were determined from the experimental XRD profiles by using the PowderCell-2.4 software [31] . The instrumental broadening of diffraction peaks is equal to 0.020 Bragg angle. It was determined by Al standard and was excluded at calculation of crystallites size and the degree of microstrain. The Mössbauer spectra were obtained at room temperature (RT) with a Wissel (Wissenschaftliche Elektronik GmbH, Germany) electromechanical spectrometer working in a constant acceleration mode. A 57 Co/Cr (activity y10 mCi) source and a a-Fe standard were used. The experimentally obtained spectra were fitted to mathematical processing according to the least squares method. The parameters of hyperfine interaction such as isomer shift (IS), quadrupole splitting (QS), effective internal magnetic field (Heff), line widths (FWHM), and relative weight (G) of the partial components in the spectra were determined. Temperature-programmed reduction (TPR) of the samples was carried out in the measurement cell of a differential scanning calorimeter (DSC-111, SETARAM) directly connected to a gas chromatograph (GC). Measurements were made in the 300e973 K range at 10 K/min heating rate in a flow of Ar:H 2 ¼ 9:1, the total flow rate being 20 ml/min. A cooling trap between DSC and GC removes the water obtained during the reduction.
Catalytic experiments
Methanol conversion was carried out in a flow reactor (0.055 g of catalyst, three times diluted with grounded glass), argon being used as a carrier gas (50 ml/min). The methanol partial pressure was 1.57 kPa. The catalysts were tested under conditions of a temperature-programmed regime within the range of 350e770 K with heating rate of 1 K/min. On-line gas chromatographic analyses were performed on HP apparatus equipped with flame ionization and thermo-conductivity detectors, on a PLOT Q column, using an absolute calibration method and a carbon based material balance. The products selectivity was calculated as Xi/X*100, where Xi is the current yield of the product i and X is methanol conversion.
Results and discussion
TG-DTA analyses were carried out to investigate the thermal evolution of the hydroxide carbonate precursors and formation of No additional thermal effects are observed after the exothermal effects indicating that the spinel phase formation has been completed at corresponding temperatures. Taking into account the heating rate during the DTA analysis, it has been assumed that the temperature of 773 K is the minimal required one for the thermal synthesis of NieZn ferrites from obtained precipitated precursors.
X-ray powder diffraction patterns of all materials consist of peaks, demonstrating formation of single Ni 1-x Zn x Fe 2 O 4 ferrite phase (Fig. 1) . The average crystallites size (D), the degree of microstrain (e) and the lattice parameters (a) are presented in Table 1 . The crystallite size decreases from 28.7 to 19.3 nm with the increase of Ni content in the ferrites obtained by the TS method. The samples synthesized by the SPS technique have slightly lower crystallite size than the thermally synthesized samples, but without well expressed correlation between the Zn content and crystallite size. Increasing the Zn concentration, the lattice parameters increase from 8.332 to 8.432 Å and from 8.340 to 8.433 Å for the TS and SPS synthesized materials, respectively. This expansion of lattice is expected due to the substitution of Ni 2þ ions with larger Zn 2þ ions [23] . The microstrain indexes demonstrate higher values for the corresponding SPS materials indicating higher defective crystal structure in this case. Room-temperature Mössbauer spectra of the investigated samples are presented in Fig. 2 . The best parameters of the fits of the Mössbauer spectra are given in Table 2 as B0, B1, B2 and etc. respectively). The probability P(n,x) of an octahedral site having n nearest-neighbour zinc atoms was calculated using the binomial formula in order to define the number of sextet components that have to use in the fitting model. The components with P(n,x) lower than 2% have very small contributions in the Mössbauer spectra and was omitted. The calculated probability for the samples with Zn content of x ¼ 0. [8] . The position of the temperature maxima may vary from sample to sample depending on the particle size. Note that the TPR profiles of TS obtained materials differ in their shape in comparison with the corresponding SPS ones. The profiles of TS materials are broadening to lower temperatures, which indicates easier reduction, the effect being most pronounced for the nickel-rich materials.
In Figs. 4 and 5 are demonstrated the catalytic activity and products distribution (presented as CO selectivity) in methanol decomposition for both series of ferrites, prepared by different methods. The samples, obtained by thermal synthesis (Fig. 4) exhibit catalytic activity above 500 K and in a narrow temperature interval (580e600 K) about 100% conversion is achieved. The bicomponent ferrites present higher catalytic activity in comparison with the mono-component ones, especially when x ¼ 0.5. The main carbon containing product of methanol decomposition is CO, but methane (1e20%) and CO 2 (10e30%) in different yields, Fig. 1 . X-ray diffraction patterns of (A)thermally synthesized and (B) SPS samples. -SPS sample, but the selectivity to CO formation on it is lower. We should stress on the extremely high activity for both mono-component SPS obtained ferrites (Fig. 5) . Their conversion curves are shifted with about 150 K to the lower temperatures and at 500 K a complete decomposition of methanol with about 100% selectivity to CO is observed. We followed the changes with the catalysts after the catalytic test by XRD and Mössbauer spectroscopy (Figs. 6 and 7, Table 3 ). XRD data clearly show presence of ZnO phase for all Zn-containing ferrites after catalysis. The parameters of the doublet components in the Mössbauer spectra of ZnFe 2 O 4 -TS (Fig. 7, Table 3 ) confirm the appearance of (Fe,Zn) alloy [42] . A mixture of different iron containing phases, such as a-and g-(Fe, Ni) alloys, Fe 3 C, wuestite and magnetite in different proportion was detected in all spectra.
A B
The presence of g-(Fe, Ni) alloy is registered by Mössbauer spectroscopy as sextet with parameters typical of the fcc ferromagnetic chemically disordered taenite phase and a single line with IS between À0.06 and À0.02 mm/s can be attributed to a fcc iron rich paramagnetic phase that usually coexist with the ferromagnetic one [43] . A clear tendency of formation of Fe-carbide is observed for the samples synthesized by SPS, while iron-nickel alloy is mainly registered in thermally obtained samples. Significant amount of FeO (G ¼ 50%) and Fe 3 O 4 (G ¼ 32%) iron oxide phases are also registered for the mono-component Zn-and Ni-TS obtained materials, respectively. We would like also to stress on the step wise evolution of active phase during the catalytic process. According to [41] , under relatively mild reduction conditions, which realizes in a narrow temperature interval, low hydrogen rate and short reduction time, only partial reduction of ferrite with the appearance of small oxygen deficit and preservation of the spinel structure occurs. It was also reported the extremely high activity of these O-deficient ferrites in reactions of decomposition of various compounds (H 2 O, CO 2 ) [41] . Under the experimental conditions with the increase of the reaction temperature, the amount of reducing reagents (H 2 , CO) and prolonging the time of reduction, destructive changes with the spinel structure with the formation of metal a-Fe and FeNi alloy occur.
These phases could be transformed further after the reaction with the products of methanol decomposition, such as CO 2 , CO and H 2 O, with the formation of magnetite and iron carbide. Taking into account that each of these phases possesses its own catalytic performance, we assume that the catalytic behaviour of the samples depends on the current phase composition, which is a complex mixture of initial spinel sample and its derivates formed by the influence of reaction medium. It is known that the decrease in the particles size leads also to the appearance of defect spinel structure. We confirmed the formation of defect spinel structure by the calculated degree of microstrain of the lattice (Table 1) . It increases with the increase of nickel content in the samples, being the larger for the SPS obtained materials. According to [39] , the formation of defects includes a creation of oxygen vacancies, inducing surface spin disorder or leads to occupation of normally unoccupied sites by ferric ions. A size dependent effect was also reported in ref. [40] , where cation inversion increase with particle size decrease was observed for Zn-ferrite. We expect that the changes in the ions environment in these defective structures provide more complex relation between the catalytic activity and samples composition.
We could not ignore also the effect of ions distribution in the initial spinel lattice on their catalytic behaviour. For the monocomponent ferrites, a preference occupation of tetrahedral and octahedral positions of the spinel with Zn and Ni ions, respectively, is generally reported [8, 22, 23, 34, 35] . This tendency is related to the electronic configuration of Zn 2þ ions with free 4s4p orbitals, which are ready to form covalent bonds with oxygen ions, when the Zn ions occupy the (A) sites only, while the high crystal field stabilization energy of Ni 2þ ions leads to their predominant situation on site increases and during the redox catalytic process more intensive electron exchange between them is expected [36, 37] . According to [22] , the catalytic sites in spinel type structure could be related to the redox pairs of metal ions in different valence state on equivalent (octahedral) position. In the case of Ni-ferrite materials they are Fe 3þ 4Fe 2þ redox pairs [8, 38] . Electron transfer between different metal ions type Ni 2þ þ Fe 3þ 4 Ni 3þ þ Fe 2þ is not excluded as well. We expect that the electron transfer in these couple of ions depends on their local environment. We demonstrated the probability of Fe ions in octahedral positions to have 0, 1, 2 etc. Zn neighbours, situated on tetrahedral sites (Table 2) , which depends both on the samples composition and the preparation method used. We suggest that the situation of the Zn ions in the vicinity of the Fe 3þ 4Fe 2þ redox centres could intensify the electron transfer in them due to the lower electronegativity of Zn ions in comparison with the Fe ones. This is the case of the materials obtained by the TS method as well as of the samples with Ni 0.5 Zn 0.5 Fe 2 O 4 composition despite the method of preparation, where higher catalytic activity is detected (Figs. 4 and 5) . The above presented explanations would have greater importance in cases of lower temperatures, at which the ferrite-spinel structure is not altered yet. At the higher temperatures the mechanism of the catalytic reaction is changing and the higher degree of conversion of methanol to hydrogen and CO is probably determined by the metal-carbide phases.
In conclusion, the catalytic effects depend in a complex way on the initial state of ferrites, due to intensive changes with their composition by the influence of reaction medium. The clear relations between the current catalyst composition and its behaviour could be found using in situ measurements and further investigations are in progress.
Conclusions
In this work it has been demonstrated that the method of spark plasma sintering of nickel-zinc-iron hydroxide carbonate precursors results in the formation of nanocrystalline NieZn ferrites. The structural and magnetic properties of the samples exhibit a strong dependence on the chemical composition. Mössbauer spectra of the samples after methanol decomposition demonstrate significant changes in the phase composition due to the influence of the reaction medium. A complex mixture of iron containing phases as a-and g-(Fe, Ni) alloys, Fe 3 C, wuestite and magnetite in different proportion are detected. A tendency of formation of Fe-carbide is found for samples synthesized by SPS, while iron-nickel alloy is mainly registered in thermally obtained samples. The final catalytic behaviour of the samples depends on their current phase composition, which is determined on the initial distribution of ions in the spinel lattice and their flexibility under the reduction reaction medium. The highest activity and selectivity to CO formation is observed for mono-component ferrites obtained by SPS technique. 
